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ABSTRACT
The current taxonomy of the family Corallinaceae (Corallinales, Rhodophyta) is in 
a state of flux. The commonly accepted classification scheme for coralline subfamilies by 
Johansen and Woelkerling places major emphasis on a distinction between geniculate and 
non-geniculate forms. The scheme has been criticized as unnatural, phenetic and not 
representative of the phylogeny of the Corallinaceae, a monophyletic taxon. A competing 
scheme by Cabioch and Chamberlain places primary emphasis on cellular connections. 
Currently not enough data has been collected to give widespread support for either one of 
the two competing schemes.
Sporangial ultrastructural data from the coralline subfamilies is being collected in 
order to determine possibly important taxonomic features. Many cytoplasmic 
ultrastructural features vary and are not reliable subfamilial characters. However, 
perinuclear ultrastructural features provide some consistency across genera and within 
certain subfamilies. Electron dense material (EDM) is the most reliable of the perinuclear 
features studied. A perinuclear complex including nuclear envelope modifications, 
endoplasmic reticulum (ER), and EDM has been observed in many genera. The 
orientation of ER and EDM to the nuclear envelope, as well as the pattern of EDM, or 
lack of EDM may all be reliable taxonomic features. Thus far, 20 genera of corallines 
have been observed, and four patterns of EDM have been observed.
This study focused upon ultrastructural changes in tetrasporangial nuclei of 
Arthrocardia, Cheilosporum, Chiharaea, Serraticardia, and Yamadaea, five of seven 
unexamined genera of Corallinoideae. Two modifications of the parallel type of EDM 
were detected. Tetrasporangia of Serraticardia and Yamadaea show a parallel pattern of 
EDM that occurs in punctate patches. Chiharaea and Arthrocardia show a diffuse 
pattern of EDM that is bordered on all sides by parallel smooth surfaced ER. A new, 
invaginate type of EDM was reported in Cheilosporum. The nuclear envelope of a 
tetrasporangial nucleus invaginates and EDM is deposited within the pockets. Combined 
with previous data, the perinuclear EDM associations were classified into five main 
categories: some nuclei lack EDM, a parallel arrangement of EDM exists with two 
modifications, diffuse and punctate, there is a radiate arrangement of EDM, an invaginate 
arrangement of EDM and an arrangement of EDM which is intermediate, being invaginate 
early in tetrasporogenesis and radiate later. A reanalysis of Corallinaceae genera based 
upon intercellular connections, ultrastructural data, molecular sequence data and spore 
gemination patterns was attempted and it was concluded that Cabioch and Chamberlain’s 
classification scheme was supported.
ULTRASTRUCTURAL FEATURES OF TETRASPOROGENESIS 
W ITHIN THE CORALLINOIDEAE AND 
TAXONOMIC IMPLICATIONS FOR CORALLINE RED ALGAE 
(CORALLINALES, RHODOPHYTA)
INTRODUCTION
Red algae, phylum Rhodophyta, are an ancient lineage of organisms that date 
back to the Precambrian era (Gabrielson and Garbary, 1986; Johansen, 1981). 
Rhodophyta is a monophyletic taxon that is well defined by a unique set o f taxonomic 
features. Distinctive chloroplasts, characterized by unstacked thylakoids with attatched 
phycobilisomes containing phycobilin pigments, produce energy which is stored as 
floridean starch in the cytoplasm. Rhodophytes lack centrioles, cilia and flagella at any 
stage of their life history. Presence of pit plugs is another distinguishing feature 
(Gabrielson et al., 1985, Gabrielson and Garbary, 1986).
There are three types of intercellular connections between red algal cells: 
primary pit plugs, secondary pit plugs and cell fusions. Primary pit plugs, which occur 
between filament cells of the same lineage, are formed as a result of arrested septation, 
followed by deposition of a proteinaceous plug within the aperture (Pueschel, 1990). 
Secondary pit connections arise differently. In the usual case, cells of separate lineages 
share a nuclear exchange, via a conjunctor cell. However, coralline red algae display an 
evolutionary modification in terms of secondary pit plug formation. Pit plugs are formed 
directly, and there is neither conjunctor cell nor nuclear exchange; rather, projections 
produced from both filament cells eventually fuse and a pit plug forms in the region of 
cellular contact. Cell fusions, which can occur between either kindred or non-kindred
2
3cells in vegetative tissue, are found only in corallines (Figure 1). Initially, a cell fusion is 
formed between filament cells in the same way as secondary pit plugs: the plasmalemmas 
of the two cells fuse but without the formation of a proteinaceous plug (Pueschel, 
1988,1990).
Prior to 1986, the class Rhodophyceae (Phylum Rhodophyta) was subdivided 
into two subclasses, Bangiophycidae and Florideophycidae. However, Gabrielson and 
Garbary’s cladistic analysis (1986) of 35 characters of the rhodophytan orders revealed 
that members of Bangiophycidae share no synapomorphies, demonstrating that there is 
no phylogenetic basis for the separate designations. Consequently, the two subclasses 
were dismissed (Gabrielson et al., 1985, Garbary and Gabrielson, 1986, 1987).
Previously, as many as twenty one orders of Rhodophyceae have been proposed 
(Guiry, 1990). Only five of these are common to all of the competing ordinal 
classification schemes, indicating that at the ordinal level and below, Rhodophyta is in a 
state of taxonomic chaos (Garbary and Gabrielson, 1990). The primary distinguishing 
character of the Corallinales, a monophyletic group, established by Silva and Johansen 
(1986), is an unusual type of cell wall calcification. A polysaccharide cell wall region is 
known to be essential for calcification to proceed in members of the Corallinales (Giraud 
and Cabioch, 1979). Calcification results from precipitation of calcium carbonate 
sometimes coupled with magnesium carbonate. The precipitation gives rise to calcite 
crystals, the hardest form of calcium carbonate. Although calcification occurs in many 
other algae, calcite is unique to the Corallinales. In coralline algae, within vegetative 
regions known as intergenicula, all of the walls of the thallus are completely calcified
4(Giraud and Cabioch, 1979), with the exception of the surface wall of epithallial cells, an 
outer coating of cells which are constantly sloughed off.
Several other common diagnostic features of the order Corallinales are: roofed 
chambers, called conceptacles, that house reproductive structures (Silva and Johansen, 
1986), pit plugs with both inner and outer plug caps, with the outer cap enlarged but no 
cap membranes, pseudoparenchytamous thalli, one to several layers of epithallial cells, 
and simultaneous cleavage of zonate tetrasporangia (Gabrielson, 1991). However, gross 
morphology varies with respect to thallus construction, branching patterns, epithallial 
layers, and the presence or absence of specialized uncalcified cells known as genicula 
(Johansen, 1969).
The amount of environmental disturbance, water clarity, temperature and other 
parameters affects both the type of species found and the thallus morphology of some 
species. Corallines habitually grow in areas of varying wave motion. In areas of high 
wave intensity, shorter, nonbranched, non-geniculate forms are common, along with 
stunted geniculate forms, while in areas of lower wave intensity, robust, branched forms 
are more common (Steneck, 1986). Predation also plays a key roll in coralline 
abundance and morphology. Higher predation is positively correlated with thick non- 
geniculate forms while upright geniculate forms are negatively correlated with high 
levels of predation, thus revealing that the biogeographic distribution of corallines is 
affected by patterns of herbivory of barnacles, limpets, and other grazers. Thirdly, 
climate affects distribution of geniculate and non-geniculate corallines. In tropical 
regions, non-geniculate forms dominate while in the nontropical regions, geniculate 
forms dominate. Therefore, the diversity of coralline morphology, which can correlate
5with the environment, often results in creating confusion in the taxonomy of many 
genera and species (Steneck, 1986)
Although the phylum Rhodophyta is characterized by a number of diverse life 
history patterns, most corallines have an isomorphic, triphasic alternation of generations 
type of life history (Figure 2, Dixon, 1973; Gabrielson and Garbary, 1986). Triphasic 
signifies that there are three distinct reproductive phases. A diploid tetrasporophyte 
generation alternates with a haploid dioecious gametophyte generation within which the 
post-fertilization female conceptacles can house a diploid, “parasitic” carposporophyte 
generation. The male thallus has a specialized spermatangial conceptacle which produces 
haploid, unflagellated spermatia. Upon release, spermatia land on the specialized, 
elongate trichogyne of the attatched female egg cell, called the carpogonium. Each 
spermatium undergoes mitosis and the two resulting nuclei travel down the trichogyne 
where the haploid carpogonial nucleus is fertilized by one of the nuclei. Following 
fertilization, the zygote is transferred to an auxiliary cell (or support cell) which 
produces few to many diploid, vegetative, gonimoblast filaments. At the tips of the 
gonimoblast filaments, carposporangia are formed which house diploid carpospores.
The mature carpospores are released and germinate to form the diploid tetrasporophyte 
generation. Tetrasporophyte tissue divides meiotically to produce haploid tetraspores 
which are released and germinate into the respective male and female thalli of the 
gametophyte generation (Dixon, 1973; Johansen, 1981).
The order Corallinales is subdivided into two families: Corallinaceae and 
Sporolithaceae. Sporolithaceae consists of two genera, Heydrichia and Sporolithon, 
which are unique among corallines in that they have cruciate tetrasporangia, both
6secondary pit connections and cell fusions, and lack tetrasporangial conceptacles 
(Verheij, 1993). Contrastingly, Corallinaceae are defined by tetrasporangial 
conceptacles containing zonate tetrasporangia in which nascent spores are arranged in a 
single row and cleave simultaneously after both meiotic divisions are complete. 
Corallinaceae are comprised of two main thallus forms: non-geniculate, or crustose 
forms, and geniculate or upright, mostly non-crustose forms. The geniculate forms are 
attached to a crust of variable size, and most are highly branched. The fronds consist of 
both calcified (intergenicula) and non-calcified (geniculate) regions (Woelkerling et al. 
1993, Bailey and Chapman, 1996).
The most widely accepted classification scheme for the Corallinales was 
proposed by Johansen and Woelkerling (Table 1, Johansen, 1969, 1976, 1981; 
Woelkerling, 1988). In this scheme, there are two families, Sporolithaceae, mentioned 
previously, and Corallinaceae with eight distinct subfamilies. The Corallinaceae is 
appropriated into eight subfamilies with major emphasis placed on presence or absence 
of genicula (Adey and Johansen, 1972; Johansen, 1976; Harvey and Woelkerling, 1995). 
Three geniculate (Amphiroideae, Corallinoideae, and Metagoniolithoideae) and five non- 
geniculate subfamilies (Choreonematoideae, Lithophylloideae, Mastophoroideae, 
Melobesiodeae and Austrolithoideae) are recognized. The geniculate subfamilies are 
distinguished mainly by type of intercellular connections and the specific arrangement of 
genicula. The Amphiroideae contains two genera, Amphiroa and Lithothrix, which 
contain multiple tiers of different sized genicula, uniporate conceptacles and secondary 
pit plugs. The Corallinoideae contains twelve genera which have an elongated, single 
tier of genicula, cell fusions and uniporate conceptacles. The Metagoniolithoideae
7contains only one genus, Metagoniolithon, which is characterized by multiple tiers of 
genicula that are unevenly stacked and may branch. The conceptacles are uniporate and 
cell fusions are present.
The non-geniculate subfamilies are distinguished by type of intercellular 
connections, type of tetrasporangial conceptacles and presence or absence of 
tetrasporangial pore plugs (Woelkerling, 1988). Choreonematoideae is a monotypic 
subfamily containing the genus Choreonema, which lacks secondary pit plugs and cell 
fusions, has uniporate conceptacles and tetrasporangial pore plugs. Lithophylloideae 
contains four genera which have secondary pit plugs, uniporate conceptacles and no 
pore plugs. Mastophoroideae contains eight genera which have cell fusions, uniporate 
conceptacles and lack pore plugs. Melobesioideae contains nine genera which have 
multiporate conceptacles, cell fusions and tetrasporangial pore plugs. Harvey and 
Woelkerling (1995) established a fifth non-geniculate subfamily, Austrolithoideae, which 
contains two genera, Boreolithon and Austrolithon. The subfamily is characterized by 
multiporate conceptacles, lack of both secondary pit plugs and cell fusions and lack of 
pore plugs. Johansen and Woelkerling’s taxonomic scheme is a system that is largely 
based upon phenetic analysis and may or may not reflect the phylogeny of the taxa 
within the Corallinales (Harvey and Woelkerling, 1995).
However, a competing scheme exists. Cabioch’s allegedly phylogenetic 
taxonomic scheme was most recently presented in modified form in 1988 (Table 1; 
Cabioch, 1971, 1972, 1988). Similar to Johansen, Cabioch’s system separates 
Corallinales into the two subfamilies Sporolithaceae and Corallinaceae. The difference 
lies in the approach to the subfamilial taxa of the Corallinaceae. Cabioch’s most current
8scheme, published prior to the inclusion of the Austrolithoideae, mainly utilizes type of 
intercellular connection rather than presence of genicula to assign subfamilial 
designations. Cabioch contends that her system based on intercellular connections lends 
a more natural, phylogenetic approach to taxonomy. Cabioch is supported by Bailey 
and Chapman (1996) who assert that genicula arose along at least two separate lineages 
and that some geniculate forms are genetically more similar to non-geniculate forms than 
to other geniculate forms. Cabioch’s system recognizes five subfamilies. Two of the 
subfamilies contain both geniculate and non- geniculate forms. Three of the subfamilies, 
Choreonematoideae, Melobesioideae and Metagoniolithoideae remain unchanged from 
Johansen’s taxonomy. However, Cabioch combines Amphiroideae and Lithophylloideae 
into a single taxon called Lithophylloideae, and likewise unites the Corallinoideae and 
Mastophoroideae into a single taxon called Corallinoideae.
Historically, red algal systematics has been concerned with morphology, 
reproduction and life histories. Although phylum, class and ordinal levels are well 
defined, the lower classification levels are less well defined and there is a need for 
identification of new taxonomic characters to help delineate taxa at the ordinal level and 
below. Previously, spore germination patterns and sporeling development have been 
extensively examined for the red algae (Guiry, 1990). However, Dixon (1973) regarded 
this line of research as non-phylogenetic for the vast majority of taxa studied because 
sporeling development can be unstable as a character, potentially with many intermediate 
patterns of development present (Guiry, 1990). However, other phycologists disagree, 
and surprisingly, many geniculate and non-geniculate corallines can be segregated into 
two taxa based largely upon spore germination patterns (Chihara, 1973, 1974). This
9data set correlates well with the intercellular connection data, and by doing so, supports 
Cabioch and Chamberlains7s taxonomy, lending credence to Cabioch’s view that 
intercellular connections are a more accurate reflection of phylogeny of coralline red 
algae (Gabrielson and Garbary, 1986) and that genicula evolved along several separate, 
parallel, evolutionary lines.
Johansen and Woelkerling have recognized the value of intercellular connections 
in the phylogeny of the geniculate and non-geniculate forms, but they continue to assert 
that presence or absence of genicula should be of primary importance and that 
intercellular connections are secondary (Harvey and Woelkerling, 1995), while largely 
ignoring the spore germination data. To date, only one study has been published where 
molecular technology has been employed to examine coralline algal systematics. Bailey 
and Chapman (1996), analyzing small ribosomal subunit 18s rRNA of several geniculate 
and non-geniculate taxa, provided preliminary evidence indicating that some non- 
geniculate genera appeared to be more closely related to particular geniculate genera 
than to other non-geniculate forms. However, two critical coralline subfamilies, the 
Mastophoroideae and the Lithophylloideae were either not thoroughly examined (the 
former), or not examined at all (the latter) in Bailey's study.
The availability and application of electron microscopy has expanded the 
character set of coralline algae. With widespread use of transmission electron 
microscopy (TEM), phycologists began to identify subcellular features and organelle 
associations that have promise for use in coralline systematics. In 1973, Peel and 
associates conducted a light and transmission electron microscopic study of 
sprorogenesis in the genus Corallina and identified an electron dense substance that
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associated with the haploid nuclei. In post- meiotic tetrasporangial nuclei, endoplasmic 
reticulum (ER) and electron dense material (EDM) surrounded the nuclei in a 
characteristic radiate pattern. The ER appeared to be rough distal to the nucleus and 
EDM was present between proximal ER, which appeared to be smooth surfaced with 
swollen cistemae present in some areas (Peel et al., 1973). Continuing earlier work, 
Duckett and Peel (1978) observed Jania which also contained EDM but in a different 
pattern. They concluded that EDM is probably involved in assembly of ribosomes.
More recently, Vesk and Borowitzka (1984) examined HaliptiIon, using TEM, 
and concluded that sporangial ultrastructural data may provide insight into the ancestry 
of the taxa within the Corallinales. This conclusion was based on an examination of pre- 
meiotic, post-meiotic and cytokinetic tetrasporangia. Perinuclear ER, peripheral ER and 
EDM were found in post meiotic tetrasporangia.
Wilson (1993) and Kamas (1995) verified the presence of EDM in sporangia of 
five geniculate genera of Corallinoideae : Bossiella, Jania, Corallina, Haliptilon and 
Calliarthron. Lapointe (1995) studied tetrasporangia and carposporangia in 
Choreonema, a non-geniculate genus belonging to the subfamily Choreonematoideae 
and determined the presence of perinuclear associations including perinuclear ER, and 
lack of EDM in the nuclear region. Similarly, Agee and Broadwater (1995) showed that 
tetrasporangia and carposporangia in the genus Melobesia also lack EDM but have 
perinuclear associations of chloroplasts and mitochondria. Wilson’s study (1993) 
showed that Metamastophora, subfamily, Mastophoroideae, a non-geniculate form, had 
EDM, while Amphiroa and Lithothrix, subfamily Amphiroideae, two geniculate genera, 
did not possess this character (Table 2). These studies have helped to define EDM and
11
specific perinuclear organelle associations as taxonomic characters for the Corallinaceae. 
Thus far the EDM data appear to lend support to Cabioch’s taxonomic scheme, 
suggesting that since some geniculate forms (Amphiroa and Lithothrix) and non- 
geniculate forms (Titanoderma) have the same type of intercellular connections 
(secondary pit plugs) and also lack EDM, they are more closely related than previously 
implied in Johansen and Woelkerling’s scheme. Similarly, sineq  Metamastophora (non- 
geniculate) has EDM and the same type of intercellular connections as the 
Corallinoideae (geniculate), these genera also may be more closely related than Johansen 
and Woelkerling’s scheme depicts. Future research on the non-geniculate genera in the 
Mastophoroideae and Lithophylloideae should provide crucial evidence concerning this 
dilemma.
The basis of this study is twofold: 1) To observe overall ultrastructural features 
of sporogenesis in Cheilosporum cultratum ssp mutifidum, including perinuclear 
organelle associations and the deposition pattern of electron dense material (EDM). 2) 
To examine ultratructural patterns of perinuclear organelle assocaitons and EDM in 
Arthrocardia silvae, Chiharaea hodegensis, Serraticardia macmillanii, and Yamadaea 
melobesiodes.
MATERIALS AND METHODS
Transmission Electron Microscopy
Serraticardia macmillanii, Arthrocardia silvae and Chiharaea bodegensis were 
collected in Mendocino County, 5 miles north of Fort Bragg in December of 1994. 
Specimens were fixed for 30 minutes at ambient temperature in 2.5% glutaraldehyde in 
0.1 M phosphate buffer at pH 6.8 with 2.5% EDTA and 0.25 M sucrose. The 
specimens were then placed on ice in the same fixative for two hours. After 3 rinses in 
buffer, specimens were postfixed in 1% osmium tetroxide in the EDTA-sucrose 
phosphate buffer for 2 hours, rinsed in 70% acetone and placed in a 2% uranyl acetate- 
70% acetone solution overnight. Thalli then completed dehydration in a graded acetone 
series and infiltrated with EMBED 812 epoxy embedding medium, followed by 
polymerization in pure resin for 3 days at 70 degrees Celcius.
Cheilosporum cultratum ssp. multifidum and Yamadaea melobesiodes were 
collected at Holbaaipunt, east of False Bay, South Africa in March 1995 by Dr. Curt 
Pueschel. Specimens were fixed in 5% glutaraldehyde in 0 .1M phosphate buffer at pH 
7.2 with 4% EDTA and 0.2 M sucrose overnight at ambient temperature. After rinsing 
in pure buffer, specimens were postfixed in 2% osmium tetroxide and stored in 0.05M 
phosphate buffer overnight. Thalli were rinsed in distilled water, and dehydrated in a 
graded acetone series and infiltrated with Spurr resin. All embedded tissue blocks were
12
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stored at room temperature and sectioned with a diamond knife on an RMC MT 6000- 
XL ultramicrotome. Cheilosporum cultratum ssp. multijidum and Yamadaea 
melobesiodes tissue sections were stained in lead hydroxide and uranyl acetate for up to 
2 hours. All sections were placed on formvar coated one hole copper grids and 
photographed on a Zeiss EM 109 electron microscope with T-Max 100 film.
Scanning Electron Microscopy
Air dried specimens of Cheilosporum cultratum ssp. multifidum were mounted 
on aluminum stubs, coated with a 20 nm layer of gold-palladium in a Hummer VII 
sputter coater and photographed in an Amray 1810 scanning electron microscope using 
T-Max 100 film.
Light Microscopy
Air dried specimens of Arthrocardia silvae, Cheilosporum cultratum ssp. 
multifidum, Chiharaea bodegensis and Serraticardia macmillanii were photographed 
on an Olympus S2H10 stereophotomicroscope using Ektachrome 64 35 mm film.
Thick sections (1 um) were stained with 0.1% toluidine blue for 45 seconds and 
photographed with an Olympus BH-2 photomicroscope with Nomarski differential 
interference contrast optics using Ektachrome 64 color 35 mm film.
RESULTS
General Ultrastructural Cytoplasmic Features of Tetrasporogenesis
Conceptacles are derived from vegetative tissue and consist of a rounded 
chamber and a narrow canal which ends in a single exit pore (Diagram 3, Fig. 1). 
Diagram 3 shows a general coralline developmental sequence and is based on description 
and drawings by Johnasen (1969). Sporangial initials are produced from and share a 
pit connection with, vegetative cells, which line the floor of the conceptacle. Each 
sporangial initial divides, giving rise to a stalk cell and an immature sporangium which 
elongates prior to meiosis. Sporangia undergo meiosis rapidly and soon elongate and 
gain girth. The four nuclei align themselves equidistantly along the sporangial 
longitudinal axis and three cleavage furrows are intitiated, arrested during the rapid 
growth phase, and then proceed slowly. By the time of release, the sporangium has 
enlarged considerably and cytokinesis is complete. At release, tetrasporangia detatch 
from the stalk cell and tetraspores exit the conceptacle via the exit pore (Diagram 3).
A single conceptacle usually houses sporangia in a variety of developmental 
stages and because of plane of sectioning, typically no more than ten sporangia are 
visible (Figs. 1,2). Tetrasporogenesis consists of four main stages. Stage 1 characterizes 
a sporangium from the time it is formed to meiosis. Stage 2 consists of meiosis and was 
not observed in this study. Stage 3 extends from post-meiosis until cleavage is
14
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complete. There are three substages of Stage 3 that are delineated largely based upon 
Golgi vesicle characteristics, starch formation, perinuclear associations, size of nucleus, 
and characteristic configurations of the sporangial periphery. Stage 4 encompasses post­
cleavage tetrasporangia. Since all genera of Corallinoideae observed have a nearly 
identical developmental sequence, the following is a general synopsis of the stages and 
ultrastructural features of tetrasporogenesis with photographs compiled from all five 
genera represented in this study, although many of the photographs are from 
Cheilosporum, a genus containing a unique pattern of EDM that merited further study.
Stage 1
Stage 1 consists of pre-meiotic tetrasporangia. This stage is characterized by 
accumulation of organelles, reduction in the number and size of vacuoles and elongation 
of the sporangium in preparation for meiosis. In early Stage 1, tetrasporangia are small 
and connected to the stalk cell via a pit plug, not always visible due to plane of 
sectioning (Figs. 3,4). The newly formed tetrasporangium consists of dense, ribosome 
rich cytoplasm, is highly vacuolate, contains few, electron dense lipid droplets while few 
organelles, Golgi bodies and vesicles are visible (Fig. 5). As the tetrasporangium 
matures, vacuoles increase in number but decrease in size and total volume in the cell. A 
basal nucleus with osmiophilic nucleolus is present and one or more nucleolar vacuoles 
may be present (Fig. 6). Endoplasmic reticulum (ER) may form a loose association with 
both the nuclear envelope and the plasmalemma, but vacuoles and other organelles are 
not visible in the region directly surrounding the nucleus (Fig. 4). Golgi bodies appear 
as flattened stacks of cistemae or as swollen cistemae with electron transparent vesicles
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at the trans face. A Golgi - mitochondrion association is evident in Stage 1 and remains 
visible through Stage 3 (Fig.7). Proplastids or mature chloroplasts may be present (Figs. 
4-6). Proplastids, when present, are few in number and lack thylakoids except for a 
single peripheral thylakoid that extends around the perimeter of the chloroplast. 
Genophores, areas which contain DNA, are present as conspicuous electron transparent 
areas within the stroma (Fig. 4).
Stage 2
The nuclei of tetrasporangia apparently undergo meiosis in two rapid, successive 
divisions. Meiosis was not observed in this study and only one genus, Cheilosporum, 
was observed at interkinesis, the stage between the first and second meiotic divisions 
(Fig. 8). The cytoplasmic constituents were not changed noticeably since Stage 1 and 
the characteristic Golgi-mitochondrial association was found amidst the vacuoles. 
Plastids were few in number and lacked thylakoids. Elongate mitochondria observed 
throughout the cell also sometimes aggregated near the nuclei. ER was most noticeable 
near the plasmalemma. The tetrasporangium had increased in length.
Stage 3a
Stage 3 is characterized by elongation of the tetrasporangium, increase in width, 
formation of floridean starch, loss of vacuoles, and initiation of the cleavage furrows 
(Fig. 9). Just after the second meiotic division, the tetrasporangium elongates and small 
cleavage furrows begin to form (Fig. 9). Four nuclei, distributed evenly, are present 
although often only one or two are visible in a single section. Electron dense material
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(EDM) forms in several unique configurations around the nucleus. Several patterns 
were observed and will be discussed in the second part of the results. Golgi, increased 
in number, are scattered at regular intervals around the nuclei and throughout the 
cytoplasm. Vacuoles, located mostly near the tetrasporangial periphery, decrease in size 
and in number concurrent with the formation of floridean starch (Fig. 10). Starch was 
observed forming in two different ways. Starch can form at the periphery of the 
vacuoles, exhibiting a rosette-like appearance around the vacuole (Fig. 11), or starch can 
form distributed throughout the cytoplasm unassociated with vacuoles and between 
parallel tracts of ER (Fig. 12). Exocytosis of small, Golgi-derived, electron transparent 
vesicles, probably bearing mucilage, into the region between the plasmalemma and the 
sporangial wall occurs along the entire perimeter of the sporangium and results in an 
irregular mucilaginous border (Fig. 13). These vesicles are also seen in reduced numbers 
during Stages 3b and 3c. The sporangial periphery is lined with SER except at the 
cleavage furrow initials (Fig. 13). Plastids become more mature, increase in size, and in 
genera that possess proplastids, contain one to three thylakoids (Fig. 11).
Stage 3 b
During Stage 3b, osmiophilic vesicles form, organelles multiply and the 
tetrasporangium continues to elongate and to increase in girth (Figs. 14, 15). A 
mitochondrial association with the nucleus is often visible and EDM is still present.
Early Stage 3b is characterized by tight aggregations of round, osmiophilic vesicles (Fig. 
14). Later in Stage 3b, tetrasporangia contain loosely clustered starch and osmiophilic 
vesicles are more diffuse (Fig. 15). Electron dense droplets, presumably lipid are
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scattered throughout the cytoplasm (Fig. 15). The inset of Figure 15 shows a 
tetrasporangium attatched to a stalk cell by a pit plug. The pit plug between the 
tetrasporangium and the stalk cell (Fig. 16) does not display the typical outer dome­
shaped cap of vegetative cells (Fig. 17). The inner cap of the former, is thinner, and 
only remnants of the outer dome shaped cap are present (Fig. 16). Both differences in 
cap structure could be due to degradation of the pit plug as the approach of maturation 
and release of the tetraspores impends.
Chloroplasts attain maximum size and are abundant throughout the cytoplasm, 
although some post-division chloroplasts remain connected by membranous bridges (Fig. 
18). Although chloroplasts contain four or more thylakoids at this stage, phycobilisomes 
may not be resolvable due to fixation (Fig. 18). Cleavage furrows become a little more 
pronounced (Figs. 15, 21). SER lines the internal surface of the plasmalemma and small 
deposits of osmiophilic material appear to pass into the mucilage layer between the 
plasmalemma and the tetrasporangial cell wall (Figs. 19,20).
Stage 3c
The tetrasporangium attains its maximum length and girth in Stage 3 c and 
cleavage furrows penetrate deeply into the cytoplasm, clearly delineating the four 
nascent spores (Fig. 21). The osmiophilic vesicles, chloroplasts, mitochondria, and 
floridean starch are completely randomized throughout the cytoplasm (Figs. 21,22). 
EDM material disappears and nucleus-mitochondrial associations are no longer visible. 
Mature floridean starch grains vary greatly in size from one genus to another and may 
become buckled or assume a paired configuration (Fig. 22). Chloroplasts are abundant
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and appear to be fully mature (Fig. 23). Golgi are rare, but still found is conjunction 
with mitochondria. In the mucilage layer a punctate, electron dense border which abuts 
the plamalemma is partially formed (Fig. 24). When SER tracts at the periphery are 
reduced, the tetraspore cell wall begins to form, is visible in the cleavage furrow area, 
and will continue to develop until complete cleavage is attained in Stage 4 (Figs. 21, 22).
Stage 4
Stage 4 is delineated in part, by complete cleavage to delineate four spores.
Spore periphery consists of an inner boundary of plasmalemma, a spore wall complex 
consisting of mucilage, fibrous and fibrillar material and the outer punctate region of the 
spore wall, and an exterior, old sporangial wall. The tetraspores are separated by a 
continuous, evenly spaced cleavage furrow (Fig. 25). Higher magnification of the 
furrow shows a fibrous network oriented parallel to and located just exterior to the 
plasmalemma within the mucilage layer (Fig. 20, 26). Exterior to it, a punctate, 
irregular, electron dense layer, the spore wall, has been deposited. Within the middle 
region of the cleavage furrow, amidst the mucilage, a finely fibrillar network, oriented 
perpendicular to the plasmalemma is visible (Fig. 26). Tubular invaginations of the 
plasmalemma, located at the periphery of the spores, extend into the cytoplasm, 
increasing the surface area of the membrane (Fig. 27). The nuclei in Stage 4 are no 
longer rounded and take on unusual configurations (Fig. 28). Chloroplasts and mature 
starch predominate the cytoplasm, while Golgi and mitochondria are relatively rare (Fig. 
29).
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Nuclear Features of Tetrasporogenesis
The following paragraphs describe the appearance of nuclei and nuclear 
associations observed during stage 3 of tetrasporogenesis. Individual results of nuclear 
associations are presented separately for each of the five genera. Since my work initially 
concentrated on Cheilosporum, the Cheilosporum observations are presented in more 
detail than the other genera.
Serraticardia macmillanii
Serraticardia is a highly branched upright, geniculate red alga, up to 12 cm in 
length with a compact thallus branching structure (Fig. 30). A single tier of genicular 
cells joins the frond to the crustose base and connects each intergeniculum to the next 
(Fig. 30). Stage 3 nuclei of Serraticardia are spherical, have many nuclear pores and 
are ensheathed by SER interspersed with EDM (Fig. 31, 32). The SER is swollen and 
transluscent with EDM positioned between cistemae rather than within them (Fig. 32). 
The EDM has a patchy, punctate appearance. Ribosomes are visible around the nucleus, 
and the nuclear envelope is slightly scalloped at regular intervals (Fig. 32). Just beyond 
the EDM sheath lie chloroplasts with conspicuous phycobilisomes (Fig. 32). 
Mitochondria can be found within the EDM layer, close to the nuclear envelope (Fig. 
31). Nucleolar vacuoles are present in some planes of sectioning.
Yamadaea melobesiodes
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Yamadaea is a very small geniculate form, only a few mm in height, consisting of 
a crustose base and a few upright intergenicula which arise singly from the crust and are 
joined to it by a single geniculum (Fig. 33). Yamadaea, like Serraticardia, has the 
ensheathing configuration of EDM which is also punctate and evenly spaced around the 
undulate nuclear envelope (Fig. 34). Mitochondria are also associated with the nuclear 
envelope at this stage, closely appressed to the nuclear envelope with overarching EDM 
(Fig. 35). Due to poor fixation, the cristae of the mitochondria and the membranes of 
the presumptive SER around the nucleus are not visible.
Chiharaea bodegensis
Chiharaea grows as a basal crust with groups of upright intergenicula up to 5 
mm in height. A single geniculum joins the basal intergeniculum to the crust. Most 
specimens collected for this study consisted of thalli with fewer than 10 intergenicula per 
thallus. The conceptacles are axial and sunken into the thallus (Fig. 36). Layers of 
perinuclear tubular and cisternal forms of ER and mitochondria surround each nucleus 
and the EDM is present between the ER (Figs. 37, 38). EDM is fainter in this genus, 
and has a dispersed appearance, different than the punctate pattern observed in 
Serraticardia and Yamadaea. A perinuclear association of numerous mitochondria is 
very conspicuous in all Stage 3 nuclei observed (Fig. 38). The nuclei may be irregular 
or spherical (Fig. 37) and nucleolar vacuoles are sometimes visible in observed nuclei. 
Arthrocardia silva
Arthrocardia silvae consists of small, highly branched fronds attatched to a basal 
crust. The fronds are typically 2-3 cm in length. Conceptacles are axial and occur on 
the outermost intergenicula (Fig. 39). Like Chiharaea, the EDM of this genus is
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oriented between parallel, tubular or cisternal ER which ensheath the nucleus and is 
faint, with a diffused appearance. (Figs. 40, 41). Mitochondria are closely associated 
with the scalloped nuclear envelope (Figs. 40, 41). Nucleoli are spherical and often not 
centered within the rounded nuclei.
Cheilosporum cultratum ssp. multifidum
The thallus of Cheilosporum cultratum ssp. multifidum branches dichotomously 
and contains intergenicula approximately 1mm tall by 2 mm wide (Figs. 42-45). The 
intergenicula flatten at the edges into characteristic extensions or lobes (Figs. 42,43). 
Between any two intergenicula is a single tier of uncalcified, genicular cells (Figs. 
44,45). The thalli grow decumbent and are small - with a length of less than four 
centimeters and no more than 150 intergenicula present on any one thallus. The 
observed conceptacles were marginal, and visible on either the dorsal or ventral surfaces 
of the thallus but not present on every intergeniculum (Fig. 42, 44, 45).
Early in Stage 3, the nuclear envelope invaginates and numerous small pockets 
form (Fig. 46). The formation of the pockets takes place gradually, with small 
invaginations giving way to deeper invaginations (compare Figs. 46,47). EDM is found 
only within the pockets and small quantities of tubular SER are found adjacent to the 
nucleus at this time (Fig. 46). Nucleoli are osmiophilic, usually loosely compacted, and 
often centrally located within spherical nuclei, and may contain vacuoles (Fig. 49). Later 
in Stage 3, the nuclear envelope is surrounded by extensive, parallel tracts of ER which 
also radiate outward (Fig. 47). Nuclear pores are visible within the EDM-filled pockets, 
with tightly appressed SER lining the unpocketed areas (Fig. 48). At the end of Stage 3, 
SER starts to dissociate from the nuclear envelope and EDM starts dispersing although
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nuclear pores are still visible within the nuclear envelope invaginations (not pictured). 
The pockets of the nuclear envelope evaginate and nuclear pores, although still apparent, 
become less distinct (Fig. 49). The pockets contain dark, osmiophilic vesicles as well as 
electron transparent vesicles. SER loses its association with the nuclear envelope and 
EDM disappears completely (Fig. 49).
DISCUSSION
Currently, the widely accepted taxonomic scheme of the Corallinaceae is 
attributed to Johansen (1969, 1976, 1981) and Woelkerling (1987, 1988; Table 1). It 
emphasizes the presence of genicula as primarily important with conceptacle 
morphology, cellular connections, and other thallus features as secondary. Johansen’s 
scheme, however, is criticized as phenetic and not representative of the phylogeny of the 
corallines (Cabioch, 1971, 1972, 1988; Chihara, 1974; Gabrielson and Garbary, 1985). 
Cabioch (1971, 1972, 1988) and Chamberlain’s (1978) system, reduces the number of 
subfamilies by creating two subfamilies which contain both geniculate and non- 
geniculate forms (Table 1). Cabioch and Chamberlain’s system emphasizes cellular 
connections and is proposed to lend a more natural, phylogenetic approach to 
systematics. Both systems are based on similar characters, and one geniculate and three 
non-geniculate subfamilies are identical in the two competing schemes. This study aims 
to provide ultrastructural data, which, combined with previous morphological, 
anatomical and cytoplasmic features, as well as sequence analysis may better elucidate a 
phylogenetic scheme for the Corallinaceae.
Presently our laboratory has been surveying many of the subfamilies o f the 
Corallinaceae in an attempt to define some ultrastructural features of taxonomic value.
It has been determined that sprorangia of all types within a species undergo development
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by a similar process which includes elongation, enlargement, nuclear differentiation, 
replication of organelles and production of Golgi-derived vesicles and other cell 
inclusions. Sporogenesis for a specific genus can be determined by examining any one of 
the three types of sporangia: carposporangia, bisporangia or tetrasporangia (Kamas,
1995). Previous work in our lab has focused on the family Corallinaceae, with the 
greatest number of studies in the subfamily Corallinoideae. Among the genera within 
this subfamily examined for sporangial development are: Bossiellct (four species;
Wilson, 1993; Kamas, 1995), Calliarthron (two species; Wilson, 1993), Corallina (two 
species; Hollis, 1994), Jania (one species; Wilson, 1993) and Haliptilort (one species; 
Wilson, 1993). Additional work in other subfamilies includes the monotypic subfamily 
Choreonematoideae, Choreonema (Lapointe, 1995). One genus, Titanoderma (Wilson, 
1993) of the Lithophylloideae and two genera, Metamastophora and Hydrolithon 
(Wilson, 1993), of the Mastophoroideae have been observed. The Melobesioideae have 
been surveyed and four genera, Clathromorphum (one species; Griffin and Broadwater,
1996), Lithothamnion (one species; Griffin, 1997), Melobesia (two species; Agee and 
Broadwater, 1994), and Mesophyllum (one species; Griffin, 1997) have been 
documented. Part of the present study focuses upon observing general patterns of 
tetrasporangial development in the remaining available genera of the Corallinoideae. 
Photographs were compiled from observations of one species each of Arthrocardia, 
Cheilosporum, Chiharaea, Serraticardia and Yamadaea. This data is presented as a 
general pattern for all members of the Corallinoideae. The second part of the study is an 
examination of patterns of perinuclear organelle associations and electron dense material
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(EDM) within the five genera. The taxonomic implications of this research in terms of 
Corallinaceae subfamilies are addressed, in the discussion.
Ultrastructural Cytoplasmic Features of Tetrasporogenesis
There is a paucity of literature concerning ultrastuctural sporangaial 
cytoplasmic features of coralline red algae. In 1984, Vesk and Borowitzka examined 
tetrasporangia of Haliptilon cuvieri using transmission electron microscopy (TEM) and 
detected several cytoplasmic features, among them patterns of starch formation, nuclear- 
ER associations and tubular invaginations of the plasmalemma. Earlier, tetrasporangia 
of Corallina officianalis and Jania rubens were observed (Peel et al., 1973; Duckett 
and Peel, 1978). Two different patterns of nuclear EDM associations were observed. 
However, both patterns displayed porous nuclei with nucleolar vacuoles and annulate 
lamellae. These observations indicate that the tetrasporangial nuclei are metabolically 
hyperactive (Duckett and Peel, 1978). Borowitzka (1978) examined carposporangia of 
Lithothrix aspergillum and made detailed observations of starch synthesis and plastid 
development. However, none of these earlier studies were developed with the goal of 
providing ultrastructural information that could be used to compare coralline algal 
genera to each other.
The following discussion is largely based on work done by previous students in 
our group in addition to my results. There are several ultrastructural cytoplasmic 
features of tetrasporogenesis that appear to be conserved within the family 
Corallinaceae. In Stage 1 through Stage 3 vacuoles are observed in all genera of 
corallines studied and may not be present in non-coralline algae (Guiry, 1990). Stage 1
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tetrasporangia contain numerous, conspicuous vacuoles. During stage 3, these vacuoles 
decrease in size and in number (Wilson, 1993; Agee, 1995; Kamas, 1995; Lapointe, 
1995; Griffin, 1997). In many genera, vacuoles disappear in Stage 3b (Wilson, 1993; 
Kamas, 1995, Agee, 1995, Lapointe, 1995, Griffin, 1997). However, in at least one 
species of Corallina, comparable vacuoles reportedly persist all the way through Stage 4 
(Hollis, 1994). The precise function of these vacuoles remains unknown although in 
some genera they are observed in close association with other organelles, such as starch.
The formation of a tetraspore cell wall prior to release from the tetrasporangial 
conceptacle appears to be unique to the Corallinaceae. The tetraspore cell wall may be 
produced prior to release so that calcification occurs immediately upon contact with a 
substrate just prior to or at the same time as germination. Earlier work by Johansen 
(1981), has shown that an organic cell wall is a prerequisite for calcification in many 
different types of algae. In Stage 3 mucilage is secreted into the region between the ER- 
lined plasmalemma and the tetrasporangial cell wall. Later in Stage 3 and in early Stage 
4, exocytosis of an electron dense spore wall substance occurs. The cell wall is 
deposited as a punctate, irregular, discontinuous barrier (Wilson, 1993; Kamas, 1995, 
Mays et al., 1996). By late Stage 4, the punctate deposits are seen limiting a thin 
fibrillar network that runs parallel to the spore surface. Prior to release of the 
tetraspores, the cell wall region consists of the plasmalemma of the tetraspore, followed 
by the fibrillar network and punctate regions of the tetraspore cell wall, a thicker 
mucilage layer and the old, outer sporangial cell wall (Wilson, 1993; Kamas, 1995,
Mays et al., 1996). Concurrent with the deposition of the spore wall and complete 
cleavage of the tetrasporangium, tubular invaginations of the plasmalemma form during
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late Stage 3 and early Stage 4 (Avanzini, 1984; Vesk and Borowitzka, 1984; Wilson, 
1993; Kamas, 1995). Given the increase in surface area of the plasmalemma, it is 
speculated that in coralline algae, these tubules play a role in transporting substances 
across the membrane to aid in spore wall calcification and formation.
Most all red algae have a specific association between the cis region of the Golgi 
apparatus and a mitochondrion (Alley and Scott, 1977; Pueschel, 1990). The Golgi- 
mitochondrion complex is consistently and commonly found throughout sporogenesis in 
alll studied coralline algae (Wilson, 1993; Dearstyne, 1994; Hanke, 1994; Hollis, 1994; 
Agee and Broadwater, 1995; Kamas, 1995; Lapointe, 1995; Griffin, 1997). Golgi 
apparatus (GA) morphology varies with respect to apparent function throughout all 
developmental stages; however, the association with mitochondria is always maintained. 
Formation of different types of Golgi-derived vesicles is stage dependent (Wilson, 1993; 
Mays et al., 1996). In all genera studied, variably appearing mucilaginous vesicles are 
secreted into the cell wall region during early Stage 3 (Wilson, 1993; Agee, 1995; 
Kamas, 1995; Griffin, 1997; Mays et al., 1996). Secondly, in all genera studied, 
electron dense (osmiophilic) vesicles are produced during Stage 3, aggregate tightly, and 
then later, disperse throughout the cytoplasm and to the periphery of the cell during 
Stage 4 (Wilson, 1993; Agee, 1995; Kamas, 1995; Mays et al., 1996; Griffin, 1997). 
Vesk and Borowitzka implicate them in spore adhesion (1984). However, both 
osmiophilic and mucilaginous vesicles are poor taxonomic characters as they have been 
reported in numerous orders outside of the Corallinales (Guiry, 1990).
Endoplasmic reticulum (ER) is another membranous element that is found in 
several morphological varieties within the cytoplasm during sporogenesis in coralline
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algae. ER functions mostly in protein synthesis and may serve a storage function as well. 
Several layers of peripheral ER line the plasmalemma and are thought to play a role in 
secreting glycoproteins (Vesk and Borowitzka, 1984). Single layers of perinuclear ER 
(PER) which ensheath the nucleus prior to meiosis become multilayered and more 
pronounced after meiosis. PER is found most abundantly in Stage 3 sporangia, but 
disappears by Stage 4. In contrast to observed coralline genera, Palmaria has its largest 
quantities of PER during prophase as opposed to post-meiosis (Peel et al., 1973; Vesk 
and Borowitzka, 1984, Pueschel, 1990). At this time it is not apparent whether ER 
characteristics, aside from its association with EDM (below) are of any taxonomic value.
Floridean stach is a storage compound unique to red algae and is observed only 
in the cytoplasm, commonly associated with chloroplasts, RER or nuclei (Pueschel, 
1990). Two main configurations of starch formation have been observed in coralline 
algae. During Stage 3, starch may form along the periphery of vacuoles in conjunction 
with RER (Wilson, 1993, Kamas, 1995, Griffin, 1997) or it may develop independent of 
vacuoles between parallel lamellae of RER (Peel et al., 1973; Borowitzka, 1978; 
Peuschel, 1990; Vesk and Borowitzka, 1984; Hanke, 1994; Dearstyne, 1994; Agee and 
Broadwater, 1995; Lapointe, 1995; Griffin, 1997). Since both configurations of starch 
are in close proximity to RER it seems likely that RER has a role in in starch formation. 
The starch grains increase in size and in number as sporangia mature. Just after starch 
appears, it is small and round to kidney shaped with a parallel orientation to the RER. 
Later, the starch is longer, loses its orientation with RER and becomes tightly 
aggregated. In the final stages of sporangial development, starch is dispersed 
throughout the cytoplasm and takes on one of several “mature” configurations. A paired
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configuration has been observed where the two ends of the kidney shaped grains are 
touching with a hole in the center, and a buckled appearance is observed in some other 
genera. Both the site of formation of starch (either along the periphery of the vacuoles, 
or elsewhere) and the mature configuration of starch may prove to be useful taxonomic 
characters, but more data is needed to discern the pattern. Griffin (1997), however, 
indicates that many cytoplasmic features, including Golgi morphology, Golgi-derived 
vesicles, starch formation and vacuoles may not be of much taxonomic value at the 
present time.
Nuclear Features of Sporogenesis
Nuclear features are the most promising in terms of taxonomic value in coralline 
algae (Wilson, 1993; Kamas, 1995; Agee, 1995; Griffin, 1997). There are several 
patterns of nuclear associations that occur in the Corallinaceae. Mitochondria, 
chloroplasts, starch and ER are commonly seen in perinuclear associations in the 20 
genera of corallines studied to date (Griffin, 1997). The Melobesioideae, a 
monophyletic taxon, exhibits 3 separate patterns of perinuclear organelle associations in 
the 4 genera that have been examined (Agee, 1995; Griffin and Broadwater, 1996; 
Griffin, 1997). These nuclear associations apparently are not consistent at the subfamily 
level, therefore, they probably have no taxonomic value, except possibly at the tribe or 
genus level. Presence or absence of perinuclear EDM, on the other hand, appears to be 
consistent across ail species within a subfamily.
Stage 3 sporangial nuclei have conspicuous nucleoli, the nuclear envelope 
contains many nuclear pores and often surrounded by PER, organelles, electron dense
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material (EDM), and occasionally, starch. Nucleolar vacuoles are also commonly seen in 
metabolically active cells, and were observed in some genera during all tetrasporangial 
stages. Peel et al. (1973) have conjured that the presence of EDM and a highly porous 
NE suggest that the nucleus and cell are metabolically hyperactive and have implicated 
EDM in some aspect of ribosome assembly. EDM is a unique characteristic of the 
Corallinales but has also been reported in several genera of the multinucleate green algal 
order Dasycladales (Franke et al., 1974; Berger et al., 1975). Franke and Berger also 
postulate that the function of EDM may in some way be associated with rRNA.
Commonly, Stage 1 nuclei are surrounded by some ER. The ER may proliferate 
in Stage 3 and EDM may appear in a precise arrangement with cistemae of the ER. 
EDM may take on one of four patterns, or be totally absent at all stages of 
sporogenesis. EDM may ensheath the nucleus in a parallel orientation (parallel-type), 
EDM may radiate out, still parallel to the ER, but with ER perpendicular to the nuclear 
envelope (radiate-type), EDM may be present exclusively within invaginations o f the 
nuclear envelope (invaginate-type), or EDM may gather within nuclear invaginations, 
and then radiate out from the nucleus in a later stage (intermediate-type). It is possible 
that there are only three types. The radiate-type has not been studied at all stages and 
may show the intermediate-type upon further investigation.
Five genera of the Corallinoideae were observed in this study. Two 
modifications of the parallel-type of EDM were observed. The invaginate-type was also 
seen. Observations of Serraticardia and Yamadaea revealed a parallel-type 
arrangement of tubular and cisternal ER, with punctate, extremely osmiophilic EDM. 
Observations of Chiharaea and Arthrocardia also revealed a parallel-type configuration
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of tubular and cisternal ER, but with lighter staining and more diffuse EDM between ER 
cistemae. Bossiella and Calliarthron, two previously studied genera, also exhibit a 
parallel type configuration of EDM (Wilson, 1993, Kamas, 1995).
The invaginate type of EDM was observed in Cheilosporum. Extensive RER 
ensheaths the nucleus, mainly in parallel layers, while the EDM fills the nuclear 
invaginations. Metamastophora, a genus of the non-geniculate subfamily 
Mastophoroideae, has been observed and also displays the invaginate type EDM pattern 
(Wilson, 1993). Corallina displays the radiate type EDM, and apparently lacks 
invaginations of the nuclear envelope. The two remaining studied genera in the 
Corallinoideae, Haliptilon and Jania, display intermediate EDM patterning. In these 
algae, EDM filled invaginations are present early in Stage 3 but later, the EDM radiates 
out from the nucleus in a perpendicular fashion (Duckett and Peel, 1978; Wilson, 1993). 
Presence or absence of EDM may have diagnostic value at the subfamily level and will 
be discussed below.
Analysis of Corallinaceae Taxonomy
The only published molecular data set for the corallines involves nuclear encoded 
18s rRNA gene sequence comparisons (Bailey and Chapman, 1996; Table 3). 
Representative species from 5 subfamilies of Corallinaceae were sequenced and a 
maximum parsimony cladogram was achieved. The cladogram and dataset show that 
Corallinoideae, Amphiroideae and Melobesioideae are monophyletic taxa. Within 
Melobesioideae relationships are uncertain as some taxa did not support the current tribe 
designations of Phymatolithae and Melobesiae. Within Corallinoideae, small decay
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values indicate a limited character set, but given the high bootstrap values genera within 
the Corallinoideae are very closely related, possibly recently evolved (Bailey and 
Chapman, 1996).
Overall, two clades were produced. Melobesioideae, the most ancient lineage, 
and a diverse clade including genera from Corallinoideae, Amphiroideae, 
Metagoniolithoideae and Mastophoroideae. Within this second clade, two smaller taxa 
were delineated. Corallinoideae, which exhibited monophyly, and a sister clade which 
includes genera from the 3 other subfamilies - Amphiroideae (geniculate, secondary pit 
plugs), Mastophoroideae (non-geniculate, cell fusions) and Metagoniolithoideae 
(geniculate, cell fusions) (Bailey, and Chapman, 1996). Since the clade contained both 
geniculate and non-geniculate forms, Bailey and Chapmans’s results suggest that 
presence or absence of genicula may be homoplaseous at the subfamily level, and 
therefore difficult to interpret. So, Johansen and Woelkerling’s taxonomic scheme might 
be improved by omitting presence or absence of genicula as a primary diagnostic feature. 
However, based on Cabioch and Chamberlain’s scheme, one would not expect genera 
with secondary pit connections and cell fusions to be closely related as indicated by the 
alliance of Metagoniolithon with Amphiroideae. However, this may be due to a lack of 
representation of Lithophylloideae, a likely sister clade to Amphiroideae. A single non- 
geniculate taxon (Spongites yendoi) was the only species available from 
Mastophoroideae and it allied along with geniculate forms, lending some support for 
Cabioch’s idea that non-geniculate and geniculate genera should be grouped together 
(Bailey and Chapman, 1996).
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In 1974, Chihara published a paper dealing with spore germination patterns and 
found that there is a correlation between spore germination patterns and intercellular 
connections in coralline algae (Diagram 4). Studied genera of Amphiroideae and 
Lithophylloideae have an Amphiroa-type of spore germination and have secondary pit 
plugs. Genera of Corallinoideae and Lithothophylloideae have a Corallina-type 
germination pattern and have cell fusions. Chihara (1974) concludes that intercellular 
connections are of primary importance in taxonomy and that dividing a classification 
system based upon presence or absence of genicula is not a natural system.
Chihara’s data set complements the ultrastructural data set as well (Table 4). 
EDM patterning is seen in genera with uniporate conceptacles and possessing cell 
fusions, regardless of presence or absence of genicular cells. The Corallinoideae have 
been well documented, but so far, only two genera of the Mastophoroideae have been 
observed. Metamastophora possesses EDM, as expected (the invaginate-type), while 
the one observed exception, HydrolithonQSDM was absent), could be explained by 
Chihara’s data. Chihara observed 3 separate spore germination patterns that exist within 
the genus Hydrolithon (Diagram 4). So, the genus may be polyphyletic, explaining its 
non adherence to predictions for presence of EDM. Accordingly, the two genera of 
Amphiroideae (geniculate, secondary pit plugs) have been examined and as predicted, 
lack EDM. Similarly, one genus of the Lithophylloideae (non-geniculate, secondary pit 
plugs) have been examined and likewise lacks EDM. Based on this preliminary 
ultrastructural evidence, it is likely that certain non-geniculate and geniculate families 
share enough synapomorphies to warrant a restructuring of the commonly used 
classification scheme of Johansen and Woelkerling. Cabioch and Chamberlain’s scheme
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is a likely candidate, given that the vast majority of ultrastructural, molecular and spore 
germination work support their model. Johansen and Woelkerling’s model, on the other 
hand is not supported by the new ultrastructural data set, the molecular data, or the 
spore germination pattern data set (Chihara, 1973; 1974; Gabrielson and Garbary, 1986; 
Bailey and Chapman, 1996). However, the features that unify Johansen’s and 
Woelkerling’s subfamilies (other than presence/absence of genicula) are also applicable 
to and lend support to Cabioch’s classification system.
Future Research in Corallinales
Further molecular work including subfamilies Austrolithoideae, 
Choreonematoideae, Lithophylloideae and Mastophoroideae are needed for the analysis 
of the Corallinaceae to be complete. Also, the outgroup for the Corallinaceae could be 
the Sporolithaceae and so this family should also be investigated. The inclusion of these 
taxa would give more weight to Bailey’s argument against primary use of genicula as 
taxonomic characters, and should bear out a close affinity of the geniculate 
Corallinoideae with the non-geniculate Mastophoroideae and, likewise, a close 
relationship of the geniculate Amphiroideae and the non-geniculate Lithophylloideae. 
Further ultrastructural data collection should focus upon the Mastophoroideae and 
Lithophylloideae in order to ascertain the solidity of the EDM-cellular fusions versus 
lack of EDM-secondary pit plugs correlations. Finally, a cladistic analysis of 
conceptacle features, molecular sequence data, spore germination patterns, 
ultrastructural features and cellular connections of all subfamilies within the
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Corallinaceae should be completed in order to give the best representation of the 
phylogeny of the family.
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Diagram 1: Development of Cell fusions (A) and 
Formation of Secondary Pit plugs (B)
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Table 1: Competing Classification Schemes of Coralline Red Algae
GENICULATE 
SUBFAM
ILIES:
Table 2: Subfamilies Within the Family Corallinaceae
Taxonomic Level Sooraneial Ultrastructural 
Fatures
Cell Connection 
Characteristics
Conceotacle
Morphology
Subfamily Genus 
Geniculate Subfamilies
EDM Perinuclear 
Pattern Associations
Secondary Pit 
Connections
Cell
Fusions
Multiporate
Conceptacles
Amphiroideae Amphiroa - PER,
chlorplasts
+ - -
Lithothrix - PER, starch + - -
Corallinoidcae Alatodadia not
examined
not examined _ + -
Arthracardia parallel PER,
mitochondria
- + -
Bossiella parallel PER,
mitochondria
- + -
Calliarthron parallel PER,
mitochondria
- + -
Cheilosporum invaginate PER - + -
Chiharaea parallel PER,
mitochondria
- + -
Corallina radiate PER - + -
Haliptilon intermediate PER - + -
Jania radiate PER - + -
Marginisporum not
examined
not examined - + -
Serraticardia parallel PER
mitochondria
- + -
Yamadaea parallel PER
mitochondria
- + -
Metagoniolithoideae Metagoniolithon 
Non-eeniculate Subfamilies
not
examined
not examined +
Choreonematoideae Choreonema - PER - - -
Lithophylloideae Titanoderma - starch + - -
Mastophoroideae Hydrolithon - PER
ribosomes
- + -
Metarr.astophora invaginate PER - + -
Melobesioideae Clathromorphum - none - + +
Lithothamnion - chloroplasts . - +  _ +
Melobesia - mitochondria
chloroplasts
- + +
Mesophyllum - starch + +
Diagram 3: General Coralline Tetrasporangial Developmental Sequence
T3
T2
SW
PT
TW
TW< TW
C g
Key to abbreviations:
E - exit pore
C - completed cleavage furrows
I - tetrasporangial initial
P - pit plug
PT - premeiotic tetrasporangium 
S - stalk cell
SW - newly formed tetrasporangial wall 
T1 - post meiotic tetrasporangium 
T2 - elongate tetrasporangium 
T3 - wider tetrasporangium, fully mature 
TW - tetrasporangial wall 
V - vegetative cell
Table 3: Bailey and Chapman (1996) Molecular Data for Corallinaceae
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Diagram 4: Spore Germination Patterns in Corallinaceae (Chihara, 1974)
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Table 4: Ultrastructural and Light Microscopic Features with Taxonomic 
Relevance in Subfamilies of the Family Corallinaceae
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Figures 1-3
Figure 1:
Figure 2:
Figure 3:
Light and transmission electron microscopy of 
conceptacles and tetrasporangia.
Light microscopy of toluidine blue preparation of 
Cheilosporum cultratum ssp. multifidum tetrasporangial 
conceptacle with exit pore (E) and developing 
tetrasporangia (T).
TEM of Arthrocardia silvae conceptacle. Vegetative cells, 
stalk cells and Stage 3 tetrasporangia are visible. Top of 
conceptacle (t); base of conceptacle (b). (x325)
Higher magnification TEM showing a single Stage 1 
tetrasporangium and stalk cell, Arthrocardia silvae. 
Nucleus of stalk cell (N). (x3350)
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Figures 4-7
Figure 4:
Figure 5:
Figure 6 :
Figure 7:
Transmission electron micrographs of Stage 1 
tetrasporangia
Cheilosporum cultratum ssp. Multifidum. Early Stage 1 
vacuolate tetrasporangium with basal nucleus (N) encircled 
by ER (arrow). Proplastids (p) contain no inner thylakoids. 
Vacuoles (V). (x6125)
Serraticcirdici macmillanii with a grainy, ribosome rich, 
electron dense cytoplasm. Irregularly shaped vacuoles (V) 
and strongly electron dense lipid droplets (L) are visible. 
Ribosomes (arrowheads). (x6800)
Higher magnification of Serraticcirdici macmillanii.
Vacuoles (V) decrease in size and increase in number and 
mature plastids are present. Nucleus (N) has osmiophilic 
nucleolus (n) and nuclolar vacuole (nv). (x7825)
Higher magnification of Cheilosporum cultratum ssp. 
multifidum showing a Golgi-mitochondrion association 
(G,M). Golgi cisternae are closely appressed. Mitochondrial 
cristae and matrix are visible. (x62,900)
SW1
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Figures 8-
Figure 8 :
Figure 9:
Figure 10:
Transmission electron micrographs of interkinesis and Stage 
3 a tetrasporogium in Cheilosporum cultratum ssp. 
multifidum.
Slightly elongate tetrasporangium during interkinesis. Two 
nuclei (N) are visible in the vacuolate (V) cytoplasm.
(x8500)
Elongate Stage 3 a tetrasporangium with copious, clustered 
mucilaginous vesicles (m), pit connected to a stalk cell. Four 
evenly dispersed nuclei (N) are aligned along a central axis. 
Three cleavage furrow initials are visible (asterisk).
Earlier in Stage 3 a, vacuoles (V) are decreasing in size and 
increasing in number. Forming floridean starch (arrowhead) 
is visible in the cytoplasm.
jv 5 » x  % %., <&
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Figures 11-13 Starch grain formation and cleavage furrow initials in Stage 
3a.
Figure 11 : . Chiharaea bodegensis starch grains (s) at the
perimeter of vacuoles (V). ER cistemae (arrowhead) are 
visible along the periphery. Proplastids (p) with forming 
central thylakoids are visible. (xl0,125).
Figure 12 : Cheilosporum cultratum ssp. multifidum starch grains (S)
form between parallel tracts of ER (arrowhead) in the 
cytoplasm. An electron transparent halo (asterisk) surrounds 
the forming starch grains. (x58,250)
Figure 13: Cheilosporum cultratum ssp. multifidum cleavage furrow
initial (CF) and SER-lined (arrowhead) cell periphery 
showing a mucilaginous layer (ML) formed by secreted 
mucilaginous vesicles (MV). (x33,478)
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Figures 14-
Figure 14:
Figure 15:
Lower magnification transmission electron micrographs of 
early and late Stage 3b tetrasporangia.
Early Stage 3b tetrasporangium, Chiharaea bodegensis, 
only one nucleus (N) and two cleavage furrows (asterisks) 
are visible due to plane of sectioning. Osmiophilic vesicles 
(o) cluster and mature chloroplasts (c) are present. Floridean 
starch (arrowhead). (x2725)
Later Stage 3 b Serraticardia macmillanii tetrasporangium 
showing two nuclei (N), loose aggregations of osmiophilic 
vesicles (o) and floridean starch (arrowhead). Inset of stalk 
cell (S) pit connected (arrow) to the tetrasporangium. 
Cleavage furrow (asterisk). (xl700)
mmm
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Figures 16-
Figure 16:
Figure 17:
Figure 18:
Transmission electron micrographs of Stage 3b in 
Cheilosporam cultratum ssp. multifidiim
Higher magnification TEM of tetrasporangial - stalk cell pit 
plug shown in inset. Electron dense core is topped by a thin 
electron dense inner cap (ic) and exterior remnants of 
an outer cap (oc). Plug core (C). (x64,950)
Vegetative pit plug showing typical coralline cap 
morphology. Dome shaped outer cap (oc); thin inner 
cap (ic); plug core (C). (x82,750)
Chloroplasts of Cheilosporum are occasionally observed 
connected by membranous bridges. Thylakoids (t) and 
genophores (g) are also visible. Stroma (S). (x33,500)
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Figures 19
Figure 19: 
Figure 20:
20 Transmission electron micrographs of Stage 3b
Cheilosporum cultratum ssp. multifidum cell periphery.
During Stage 3b cleavage furrows (CF) become more 
pronounced. Chloroplast (C). (x 16,5 50)
The ER lined (arrow) irregular plasmalemma (arrowhead) 
borders a mucilaginous region (ml) just inside the 
tetrasporangial wall (asterisk). (x44800)
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Figures 21
Figure 21:
Figure 22:
Figure 23:
Figure 24:
24 Transmission electron micrographs of Stage 3c
tetrasporangia of Cheilosporum cultratum ssp. multifidum.
TEM micrograph of Stage 3 c tetrasporangium, showing 3 
extended cleavage furrows (asterisk). One appears complete 
due to plane of sectioning. Cytoplasm is characterized by 
randomization of organelles, osmiophilic vesicles and starch. 
Nucleus (N). (x850)
Higher magnification of cytoplasm showing buckled 
floridean starch (S), mature chloroplasts (C), and 
osmiophilic vesicles (O). Cleavage furrows(asterisk) show 
electron dense deposits (arrowheads) of forming tetraspore 
wall. (x2825)
Higher magnification chloroplasts. Within the chloroplast, 
parallel thylakoids (t) are present, and a reduced genophore 
region (arrow). (x2 1, 100)
Higher magnification of ER (er) lined plasmalemma and 
adjacent mucilaginous layer (ML) - containing electron 
dense deposits of forming tetraspore wall (arrowhead). 
Osmiophilic vesicles (O). (x24,800)
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Figures 25
Figure 25:
Figure 26:
Figure 27:
■27 Transmission electron micrographs of Stage 4 
tetrasporangia.
Stage 4 tetrasporangium of Cheilosporum cultratum ssp. 
multifidum shows complete cleavage of 4 nascent spores 
containing central nuclei (N) and randomized organelles, 
starch and osmiophilic vesicles. Cleavage furrow, asterisk, 
(x950)
Cheilosporum cultratum ssp. multifidum. High 
magnification of cleavage furrow showing spore wall 
complex exterior to plasmalemma. Fibrous network 
(arrowhead); tetraspore wall (T); mucilage layer (ml); 
electron dense material (arrow). (x62,900)
Arthrocardia silvae high magnification of tetrasporangial 
wall region, mucilage layer (ml) and tetraspore (T) wall. 
Plasmalemma has tubular invaginations (t) that are visible. 
Tetrasporangial wall (W). (x82,750)
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Figures 28-29 Transmission electron micrographs of Stage 4 tetrasporangia 
of Cheilosporum cultratum ssp. multifidum
Figure 28: Stage 4 is characterized by irregularly shaped nuclei (N)
and predominance of floridean starch (S), chloroplasts 
(C) and osmiophilic vesicles (O) in the cytoplasm.
(xl2,950)
Figure 29: Cell periphery is characterized by osmiophilic vesicles (O)
and mitochondria (m). (x8500)
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Figures 30-:
Figure 30:
Figure 31:
Figure 32:
Light and transmission electron micrographs of 
Serraticardia macmillcmii.
Light micrograph of tightly packed, pinnate 
branching structure with a single tier of genicular 
cells between each intergeniculum (15x).
TEM of Stage 3 spherical nucleus with EDM 
(arrowhead), tubular SER (asterisk) and 
mitochondria (M) which are associated with the 
nucleus, (x l2,950)
Higher magnification of EDM (arrowhead) between 
ER (asterisk) cistemae but not within them. 
Mitochondria (M). (x24,800)
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Figures 33-
Figure 33: 
Figure 34:
Figure 35:
Micrographs of Yamadaea melobesiodes vegetative 
and nuclear features.
Color diagram showing singly occurring 
intergenicula anchored to a basal crust.
TEM nucleus showing parallel pattern of EDM 
(arrowhead) around a spherical nucleus (N) with 
large, central osmiophilic nucleolus (Nu). 
Mitochondria (asterisk). (x8275)
Higher magnification showing EDM (arrowhead) 
and poorly preserved mitochondrial membranes 
(asterisk) around a nuclear envelope where 
presumed ER occurs. (x22,325)
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Figures 36-
Figure 36:
Figure 37:
Figure 38:
Light and transmission electron micrographs of 
Chiharciea bodegensis thallus and nuclear features.
Light micrograph of showing small upright, flower­
like fronds with axial to a basal crust. Note axial 
position of conceptacles (15x).
TEM of irregularly shaped nucleus (N) with 
spherical nucleolus and nuclear envelope with many 
pores. The nucleus is surrounded by tubular ER 
(asterisk), diffuse EDM (arrowhead) and 
mitochondria (M). Nuclear pores (arrow); nucleolus 
(Nu). (x9200)
Fligher magnification of a different nucleus showing 
diffusely staining EDM (arrowhead) between 
cistemae of ER adjacent to the nuclear envelope and 
mitochondria (m). Nucleus (N). (x24,800)
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Figures 39-
Figure 39:
Figure 40:
Figure 41:
Light and transmission electron micrographs of 
Arthrocardia silvae.
Light micrograph showing highly branched frond 
attatched to basal crust with axial conceptacles 
(lOx).
TEM of nucleus showing parallel type EDM 
(arrowhead) and mitochondrial associations (M) 
with the nucleus. Nucleolus (Nu) with nucleolar 
vacuoles (arrow) is visible, (x12,950)
Higher magnification of previous nucleus shows 
detail of mitochondria (M) and EDM (arrowhead) 
distributed between ER (Er) cistemae. (x22,275)
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Figures 42-45
Figure 42: 
Figure 43: 
Figure 44:
Figure 45:
Light and scanning electron micrographs of 
Cheilosporum cultratum ssp. multifidum ( 10xj.
Light micrograph of showing dichotomous 
branching pattern in a vegetative thallus.
SEM of vegetative thallus, showing lobes (1) at the 
edges of flattened intergenicula. (x2 0 )
SEM of a single intergeniculum with a swollen, 
marginal conceptacle (C) visible. Single tiered 
genicula (g) are detectable, and remnants of 
epithallial cells (e) cover the thallus. (x90)
SEM view of cross section of a single 
intergeniculum with marginal conceptacles (C) 
showing an exit pore (arrow). (x75)
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Figures 46
Figure 46:
Figure 47:
Figure 48:
Figure 49:
■49 Transmission electron micrographs of Cheilosporum 
cultratum ssp. multifidum nuclei in different 
developmental stages.
TEM of an early Stage 3 a nucleus with large, 
flocculent nucleolus (Nu). The invaginated nuclear 
envelope is filled with EDM (asterisk) and an 
adjacent single layer of perinuclear ER (PER, arrow) 
is present. Nucleus (N). (x9200)
Extensive PER (arrow) ensheathes stage 3b nucleus 
(N). Invaginations of nuclear envelope deepen. 
EDM (asterisk). (x8750)
High magnification of Stage 3b perinuclear complex. 
Pores (arrowhead) in nuclear envelope are visible 
within EDM-filled invaginations (asterisk), but not 
elsewhere. The non-invaginated regions of the 
nuclear envelope are associated with tightly 
appressed ER (arrow). Swollen cistemae of ER are 
present adjacent to starch grains. (x38,075)
High magnification of Stage 3 c nucleus (N) with 
invaginations present, but lacking EDM. Osmiophilic 
vesicles and mucilaginous vesicles (v) are present 
within invaginations. Nuclear pores (P). (x7475)
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